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INTRODUCTION 
Various Thermal!Infrared Non Destructive Testing techniques are gaining interest 
expanding the number of applications. The non-contact nature and the increased reliability of 
findings make this method particularly interesting for the works of art NDE. This work is 
devoted to the frescoes inspection for the sizing of detached plaster areas. Air filled voids in 
between the coloured plaster and the supporting wall are well identified due to the increased 
thermal resistance. Defects are evaluated from the evolution in time of the surface temperature 
detected by an IR camera in transient thermal regime. The inspection of large surfaces was 
recently and successfully applied by means of a lateral heating [1-2]. An advantage of this 
procedure is the reduced inspection time. This aspect is extremely important when the thermal 
diffusivity of the material is low, so that a long time is needed for the thermal signal appearance. 
In fresco NDE, when radiant heat stimulates the surface, the varying amount of energy 
absorbed by each colour is the major drawback. In this paper a convective heat flux is introduced 
to skip this problem. Different kinds of defects as cracks or detachment of plaster can be 
identified and classified according to their importance. 
To prepare the new testing procedure a theoretical analysis of the thermal problem is 
addressed together with a preliminary experimental verification of the simulated results. These 
findings are also compared with previous results obtained according to the Dynamic Thermal 
Tomography technique. Specimens made by a specialised restoration workshop, including 
defects and painted in 5 colours are inspected. A relative moving between the inspected surface 
and the stimulating/probing equipment realises the lateral heating. A processing phase produces 
a synthetic image with the location of defects. 
STATE OF THE ART 
Thermal tomography [3] consists in the characterization of defects inside opaque 
materials, recovering the internal structure of the body. The algorithm works on sequences ofIR 
images recorded during the thermal evolution of a uniformly heated surface. It implies a space 
domain analysis to locate a sound area as reference and time domain analysis to probe the 
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relative temperature evolution of any point with respect to the reference one. As informative 
parameter the normalised contrast is selected, defined as: 
T (r) T t (r) C .(r) = _'_.1 ___ '_'_ 
'.j Truax Truax 
t,j ref 
( 1) 
where r is time, Tj.j (r) and Trej (r) are the temperature evolution of the pixel (i, j) and the 
reference area and max is the temperature value at the end of heating. The normalisation of the 
contrast reduces the effects of the uneven heating always present in practical experiment. A 
defect will produce a contrast curve with a maximum value that occurs at a time depending on the 
depth. Individual inversion functions for any material allow to relate the time of maximum to the 
defect depth. 
Thermal Tomography of a Painted Facade 
Thermal tomography of a non painted plaster could be performed very well with 
extended radiative heating [4]. Fig. 1 reports what happen in the case of painted surfaces. The 
different absorption coefficients related to areas of different colour makes the interpretation of 
the results really difficult. Moreover, in scanning the facade one have to move the heating and 
measuring equipment on adjacent areas to produce a mosaic view of the surface (see Fig. 1 a). 
This generates a disturbance in the boundary regions that are no more in the steady conditions. 
Fig. lao Panoramic view (visible band) of the inspected areas on Romanino's fresco (Malpaga 
Castle, Bergamo, Italy). 
Fig. lb. Magnification of thv9 area in Fig. lao 
In this area a 20 mrn detachment of plaster is 
present. 
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Fig. lc. IR image of thv9 area at the best 
observation time after heating. 
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Fig. ld. Map of the Maximum Normalised 
Thermal Contrast in thv9 area. 
Fig. Ie. Map of the Time [s] of Maximum 
Thermal Contrast in thv9 area. 
MODELLING OF THE THERMAL TESTING 
In order to understand better the limits of thermal NDE and to improve the technique 
we started a research at lab stage using physical and mathematical modelling. 
Specimen Characteristics 
A special set of specimens was prepared and provided by the Opificio delle Pietre 
Dure in Florence a well-known specialised Institute for the works of art restoration and study. 
One of those, used in the following, contains 2 defects whose occurrence could be considered 
very likely in real cases. The specimen, composed of two plaster layers lying on a clay brick, 
measures 400 x 600 x 40 mm. The plaster is 30 mm thick and two diagonal elongated defects are 
placed at 25 mm depth as it is shown in Fig. 2a. They were made inserting wooden logs, 5 mm 
thick, on the supporting brick and removing them before the plaster hardness. The surface was 
coloured with 5 stripes and finished in 2 different way as frequently found in the practice. 
Finally the specimen was aged for one year. 
Fig. 2a. Sketch of the specimen: 30 mm 
painted plaster; defect depth 25 mm; defect 
thickness 5 mm. 
Fig. 2c Map of the Maximum Normalised 
Thermal Contrast. 
Fig. 2b. IR image of the specimen surface 
after 600 s. Specimen was uniformly heated 
by lamps for 300 s. 
Fig. 2d. Thermal Tomogram obtained by time 
analysis of the 25-30 mm layer. 
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Fig. 2b shows zones with different temperature due to defect signal and disturb. The 
stripes with different absorptivity are the main cause of the disturb; the second is the uneven 
distribution of the radiative flux due to the lamps. An amplitude analysis, as Fig. 2c shows, does 
not permit to identify the defects due to the masking effect of uneven heating. The tomogram of 
Fig. 2d, obtained with a time analysis, clearly indicates the two defects, but false alarms are still 
present at the boundary of any areas. What we expected was that the Normalised Thermal 
Contrast was sufficient to suppress the problem of uneven heating but the experiment 
demonstrates that this is not true in all cases. After this test a numerical simulation was carried 
out to understand better the limit of the informative parameter used for the data processing [5]. 
A finite difference 3D model of the specimen was used simulating the real 
experimental conditions. The resulting surface temperature was processed with the same 
algorithms used for the experimental data. Results are shown in Fig. 3 for different choices of 
the reference point and for different defect points located in the middle of coloured zones and in 
the transition zones. Results demonstrate how the Normalised Thermal Contrast gets rid of the 
uneven heating only if the unevenness is distributed with a smooth function. On the contrary, this 
procedure fails when sharp transition zones are present in the surface temperature distribution. In 
fact Fig. 3d shows how a zone located in the boundary of two different colours but with no 
defect below it, produces a Thermal Contrast curve with a clear maximum. The shape of the 
contrast curve vs. time are different for the defects (Fig. 3b-3c) and the sound zone in colour 
transition areas (Fig. 3d), but a simple detection of the maximum as a mean to detect defects is 
misleading in this case. 
LINEAR AIR LATERAL HEATING (LATH) 
A new testing procedure involves a convective heating to eliminate colours interference. 
A linear moving of the source over the fresco at constant speed is adopted to reach an uniform 
heating and to avoid disturbance of side testing, as in the mosaic procedure. 
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Fig. 3a. Scheme of the model treated with 
finite difference 3D model. 
o. 
0" 
0' 
6 oos 
.... 
.. , 
f.~ 
I 
I 
Y·· . 
.. 
•• 
.'0 
." 
&10 1 __ [II 
., 
Fig. 3c. Normalised contrast in uniformly 
heated region referred to a non defect point in 
the middle of a uniformly heated region 
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Fig. 3b. Normalised contrast in uniformly 
heated regions referred to a non defect point 
close to a transition zone. 
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Fig. 3d. Normalised contrast for sound points 
in transition regions 
An analytical solution for the studied thermal problem is not available. The only 
possibility is to use a numerical solution in order to properly design the test procedure. On this 
purpose a finite element 2D model of the cross section of the sample was used as Fig. 4a shows: 
RI is plaster, R2 is brick and R3 is the air defect. Tab. I reports the thermal properties of the 
materials. To simulate the surface heating with a moving air gun from left to right, a convective 
coefficient h=IOO [W m·2 KI] involving 2 % of the surface and moving at about 0.5 mm1s was 
used as boundary condition. Impinging air temperature is 20°C warmer than the ambient 
temperature and surface initial temperature is set to O°c. Left, bottom and right side are adiabatic. 
The heated surface exchanges normally with the environment while not heated with h=lO. Fig. 4b 
shows 9 profiles of temperature corresponding to evenly spaced points of the surface. Notice the 
different decay time of the last 2 profiles corresponding to points over the defect. Fig. 4c collects 
in an image the computed temperature profile for each point (node of the grid) of the surface. 
The grey level expresses the temperature. The slope of the maximum heating line depends on the 
source velocity. A distortion in the cooling stage is evident in the centre of the image. This is 
caused by the increased thermal resistance of the defect. Fig. 4d shows the temperature signal 
over the defect. 
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Fig. 4a. Specimen scheme for finite element 
2D model of the heat transfer process. 
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Fig. 4c. Surface temperature evolution. Each 
column represents the whole surface at a 
specific time. Grey levels represent 
temperature. 
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Fig. 4b. Time evolution of temperature in 
some points of the surface . 
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Fig. 4d. Temperature difference between 
defect and non defect zones referred to the 
time of maximum heating. The maximum 
happens 1146 s after heating. 
Table I. Thermal properties of the different materials used in the thermal modelling. 
layer \ T. properties p Cp A 
plaster 1440 840 0.48 
brick 1600 840 0.69 
defect 1.2 700 0.03 
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Equipment 
moving stage 
V=O.3 mm/s 
Fig. 5. Experimental set-up. 
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The experimental set-up (Fig. 5), consists of a heating system, an acquisition system 
and a moving stage supporting the specimen. The heating system is made of two axial fans and 
an electrical resistance with a maximum power of 2 kW. Both air flow-rate and heat flux are 
adjustable. A Thermovision™-900 LW (8-14 !lm) from AGEMA Inc. is used to record 
sequences of thermal images in digital format 272 x 136 pixels with resolution of 12 bit/pixel. 
The experiments were carried out using a constant speed of the sample of 0.3 mm1s and 
acquiring a sequence of 360 images with a sampling time of 4 s. 
Data Processing and Image Reconstruction 
In the experimental arrangement made at our lab, the heating air gun and the 
acquisition camera are still while the specimen is moving. In such experimental lay out each 
image in the recorded IR sequence contains different part of the specimen. Of course the 
maximum temperature on the surface is reached at different time (due to the movement), 
therefore a special algorithm is required to reconstruct images to be examined in a 
straightforward way. A possible algorithm to compare different point of the specimen in the 
same conditions, during the cooling stage, is to sample suitable lines of each IR image. This 
means to probe lines of the sample surface at a fixed time after their passage under the linear 
heating gun. 
Consider the sample moving bottom to top in the image field of view. An image of the 
sample at a fixed time after heating may be reconstructed sampling and stacking in a new matrix 
the same line in each successive image in the sequence. The choice of an upper line will produce 
the image of the sample at a later time. Of course the selection of the line must be determined on 
the base of the moving velocity, the sampling time and the field of view of the IR camera. 
Experimental Results 
Due to the finiteness of the sample and the slow diffusion of plaster, we divided the 
testing process in two parts: in the first the sample moves under the linear heater (this process 
lasts 1000 s); in the second the sample stops and its surface is grabbed by the IR camera for 
1000 s more. Fig. 6a shows the last image of the grabbed sequence. In this image the horizontal 
line on the top is grabbed after 2000 s from the heating, while the bottom line was heated 1400 s 
before the acquisition. Lines in between last from the heating time proportionally to their 
position. Fig. 6a should be compared with Fig. 2b. We may notice how the convective heating 
realises a much more uniform appearance of the surface. Residual effects of the painted stripes 
may be viewed in the image. Such disturb is supposed to be a multiplicative effect due to the 
emissivity variation among the different colours and it is corrected in Fig. 6b where one defect 
appears as a darker oblique zone in the top right of the image and the second as an horizontal 
darker zone in the bottom. 
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Fig. 6a. IR image of the still specimen after 
lateral heating. 
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Fig. 6b. Processed image for the reduction of 
emissivity varying. 
The applied correction consists in selecting a horizontal line in a sound zone and 
normalizing each other line in the image by this one. It is worth noting as the correction line was 
taken at a different time, in the cooling stage, from any other in the image. Notwithstanding this 
fact, the correction works quite well in any other part of the image demonstrating the 
multiplicative effect of the disturb. This correction is based on the a priori knowledge of the 
vertical structure of the stripes. The equalisation must be more sophisticated when zones with 
generic shapes and colours are present in painted surface. General solution to such kind of 
disturb may be found in [6-7]. 
This experiment and the applied processing, even if of limited usefulness in real cases, 
demonstrates how to suppress the residual effects of colours. On the other hand, the possibility 
to reconstruct a new sequence of images, each one with an increased time delay from the 
beginning of the thermal process, will permit to use the Normalised Thermal Contrast. This is 
expected to be a general solution to the multiplicative effects, such as the emissivity variation. 
CONCLUSIONS 
Thermal NDE proved to be a very effective tool to detect and characterise detachments 
of unpainted plaster layer. The use of a linear hot air heat source instead of lamps has been 
experimented in order to reduce effects of uneven heating due to different colours absorptivity of 
frescoes. Reported results are encouraging even if effects of emissivity varying are important. An 
effective correction algorithm must be applied and the topic furtherly investigated. Uneven 
heating effects are found to be not so critical. Lateral heating increases significantly the 
productivity for large surfaces. It avoids interference between adjacent examined areas and 
simplifies the global surface reconstruction. 
In conclusion we may state this technique, developed for the fresco NDE, is suitable 
for all extended surfaces where large variation of the absorption coefficient exists. Simulations of 
testing by means of a numerical model demonstrated to be an effective way to choose correct 
testing parameter and predict temperature pattern. 
Future works will consist in usage of the mathematical model to find out inversion 
function for depth estimation. 
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